Spinal cord injury (SCI) is a life changing event that, as a result of paralysis, negatively 27 influences habitual levels of physical activity and hence cardiometabolic health. 28 Performing regular structured exercise therefore appears extremely important in persons 29 with SCI. However, exercise options are mainly limited to the upper-body, which 30 involves a smaller activated muscle mass compared to the mainly leg-based activities 31 commonly performed by non-disabled individuals. Current exercise guidelines for SCI 32 focus predominantly on relative short durations of moderate-intensity aerobic arm 33 cranking exercise, yet contemporary evidence suggests this is not sufficient to induce 34 meaningful improvements in risk factors for the prevention of cardiometabolic disease 35 in this population. As such, these guidelines and their physiological basis, require 36 reappraisal. In this special communication, we propose that high-intensity interval 37 training (HIIT) may be a viable alternative exercise strategy, to promote vigorous-38 intensity exercise and prevent cardiometabolic disease in persons with SCI. 39 Supplementing the limited data from SCI cohorts with consistent findings from studies 40 in non-disabled populations, we present strong evidence to suggest that HIIT is superior 41 to moderate-intensity aerobic exercise for improving cardiorespiratory fitness, insulin 42 sensitivity and vascular function. The potential application and safety of HIIT in this 43 population is also discussed. We conclude that increasing exercise intensity could offer 44 a simple, readily available, time-efficient solution to improve cardiometabolic health in 45 persons with SCI. We call for high-quality randomised controlled trials to examine the 46 efficacy and safety of HIIT in this population. population. However, it is noteworthy that the exercise guidelines for non-disabled 101 populations are based on lower-body or whole-body activity (e.g. walking, running, 102 cycling), whereas exercise for persons with SCI is primarily restricted to the smaller 103 upper-body skeletal muscles [e.g. arm-crank exercise or wheelchair propulsion]. As a 104 result of the smaller active muscle mass and blunted haemodynamic responses with 105 SCI, the absolute capacity for physical exercise is reduced [16] [17] [18] . Therefore, at the same 106 relative intensity, the absolute energy expenditure, cardiovascular strain, and whole-107 body metabolic demand, will always be lower during moderate-intensity arm-crank 108 exercise or wheelchair propulsion compared with moderate-intensity walking or 109 cycling. The ability for skeletal muscle to adapt to the same stimulus will not be 110 reduced; however, the smaller active muscle mass means that modest training-induced 111 adaptations in the arm are less likely to impact biomarkers of cardiometabolic health. As 112 such, to promote a lower volume of exercise in this population would seem 113 physiologically counterintuitive, whilst promoting a similar volume of exercise would 114 likely be less effective. In accordance with this, a recent randomised controlled trial 115 demonstrated that performing PAG-SCI for 16 weeks was insufficient to promote 116 clinically meaningful changes in both novel and traditional biomarkers of 117 cardiovascular disease (CVD) 19 . Moreover, a systematic review requested by the 118
Consortium for Spinal Cord Medicine 20 concluded that the current evidence is 119 insufficient to determine whether these volumes of exercise are associated with positive 120 changes in carbohydrate and lipid metabolism (and associated disorders) amongst adults 121
There are numerous psychosocial and environmental barriers to engage in physical 126 activity for individuals that use wheelchairs [21] [22] [23] [24] . Moreover, compromised venous 127 return in persons with SCI blunts cardiac output 25 , which can lead to an early onset of 128 muscle fatigue 26 , thus reducing ones capacity for prolonged exercise. Therefore, 129 promoting a larger volume of moderate-intensity exercise might not be feasible in this 130 population. Functional electronic stimulation [27] [28] [29] [30] and body weight supported treadmill 131 training 31 , have received considerable research attention, but have numerous practical 132 limitations (i.e. significant cost and specialist resources required), and may have limited 133 application outside the laboratory. One potential alternative approach, which has 134 received less attention, would be to recommend high-intensity interval training (HIIT) 135 as a practical means of increasing vigorous-intensity exercise. The benefit of vigorous-136 intensity physical activity is supported by a number of epidemiological studies, albeit in 137 non-disabled individuals, demonstrating superior reductions in the risk of 138 cardiovascular 32, 33 and all-cause mortality 34-36 , in comparison to light-to-moderate 139 intensity physical activity. Moreover, accumulating evidence, from studies applying 140 HIIT in non-disabled populations, demonstrates that HIIT promotes superior peripheral 141 37 and whole-body adaptations 38-40 , compared with moderate-intensity continuous 142 training (MICT). HIIT may therefore offer a simple, more effective alternative to 143 current approaches for improving cardiometabolic health in persons with SCI. In the 144 following sections we put forward the case for recommending HIIT in SCI, and 145 subsequently consider its potential practical application and safety in this population. Nevertheless, for the purposes of this review, we adopt the terminology proposed by 169
Weston et al, 38 , whereby HIIT describes protocols using intensities between 80-100% 170 of HR max , whereas protocols using 'all-out' efforts, or efforts ≥100% V O 2peak , are 171 referred to as sprint interval training (SIT) ( Figure 1 ). There is good evidence that both HIIT studies to support the argument for vigorous-intensity exercise. Example HIIT 176 protocols tested in both the SCI and non-disabled literature are described in Table 1 superior improvements. These studies were summarised in a recent meta-analysis 206 which, using data from 10 studies and 273 participants, showed that the increase in 207 V O 2peak following HIIT was approximately twice (~3 ml/kg/min) that observed 208 following MICT 38 . This finding has been reproduced in various non-disabled 209 populations including healthy young and middle-aged sedentary men 59, 60 , overweight 210 and obese men and women 61 , and in individuals with type-2 diabetes mellitus (T2DM) 211 62 . A 3 ml/kg/min improvement in cardiorespiratory fitness is associated with a 15% and 212 19% reduction in all-cause and CVD mortality, respectively, and is on par with a 7 cm 213 reduction in waist circumference, a 5 mmHg reduction in systolic blood pressure, or a 1 214 mmol/L drop in fasting plasma glucose 63, 64 . Given that cardiorespiratory fitness 215 consistently manifests as the strongest predictor of cardiometabolic disease risk and 216 longevity in epidemiological studies [65] [66] [67] [68] Insulin resistance is a pre-requisite to T2DM. It is characterised by the failure of insulin 241 to exert the normal cellular effects on various tissues, leading to the impairment of 242 insulin mediated glucose disposal. Fasting hyperglycaemia can persist due to the 243 insensitivity of the liver to the suppressive effects of insulin on gluconeogenesis and 244 reduced glycogenolysis 76 . Consequently fasting plasma glucose concentrations have 245 been shown to correlate with basal rates of hepatic glucose output 77 . Therefore, as 246 fasting plasma glucose concentrations tend to be only mildly elevated in individuals 247 with SCI 78 , it is most likely that peripheral insulin resistance is the major driver behind 248 impaired glycaemic control in this population. The lack of stimulation and disuse 249 because of paralysis can have a profound impact on skeletal muscle below the level of 250
injury, including i) atrophy of lean mass [79] [80] [81] [82] , which diminishes the tissue available for 251 glucose disposal (Figure 2a ) 83, 84 , and ii) accumulation of intramuscular fat 85, 86 . superior effects with HIIT in both obese men 96 and individuals with T2DM 97 . These 298 effects are underpinned by a plausible mechanism given that high-intensity exercise is 299
associated with greater muscle glycogen utilisation 98 and muscle glycogen 300 concentrations are an important driver of acute changes in insulin sensitivity with 301 exercise [99] [100] [101] . Clearly, the acute effects of exercise, as well as comparisons of HIIT and 302 MICT, on glycaemic control in SCI individuals, is an important area of future research. 303 304 305
Vascular Function and Blood Pressure 306 307
Arterial stiffness 102 and endothelial function 103, 104 are important predictors of future 308 cardiovascular health. Individuals with SCI are characterised by severe deterioration of 309 structure and function of vessels below the level of injury 105 , but evidence also suggests 310 increased stiffness and impaired endothelial function within central and regional upper 311 body arteries in SCI relative to non-disabled controls 106 . Recent evidence suggests that 312 achieving the PAG-SCI for 16-weeks is insufficient to improve the health of both lower 313 and upper-limb, as well as central blood vessels 19 . Individuals with SCI demonstrate a greater propensity to accumulate excess body fat 336 compared to non-disabled populations 112, 113 . Furthermore, due to the accelerated loss 337 of lean mass, the distribution of adipose tissue in SCI also appears to be altered 114 , 338 which would be expected to exert detrimental metabolic effects [115] [116] [117] [118] . It is therefore 339 important to consider the role physical activity plays in maintaining body composition 340 and the potential contribution towards a sustained energy deficit to reduce adiposity. 341
Yet, large additions to weekly total energy expenditure (TEE) through structured 342 exercise (i.e. on top of baseline physical activity) are required to induce meaningful 343 reductions in body fat 119 it may be sufficient to reduce the rate of increase in adiposity 19 . 350
351
There is good evidence from non-disabled studies that HIIT can be an effective 352 intervention for promoting positive changes in body composition, including reductions 353 in total body mass 59, 91, [121] [122] [123] , total fat percentage [122] [123] [124] [125] , total abdominal fat mass 91, 122-354 124 and waist circumference 91, 122, 126 61, 91, 121 . Interestingly, it also appears that HIIT protocols 358 requiring lower exercise volumes (e.g. low-volume HIT or SIT) are associated with 359 similar increases in total 24-hour energy expenditure to 30-50 min of MICT 127, 128 and 360 can also induce meaningful reductions in total and abdominal fat 124, 129 , which are 361 comparable to 30-45 min of MICT in overweight/obese individuals 123 . Increases in leg 362 lean mass have also been observed with cycling based HIIT 122, 124 , and this has the 363 potential to also translate to the upper-body musculature in patients with SCI. While 364 HIIT does not appear to induce a greater reduction in adiposity than MICT, the 365 reviewed evidence would suggest it is equally as effective, but with a reduction in 126 . However, various HIIT protocols have been used safely in patients 415 with post infarction heart failure 142, 143 , diastolic dysfunction 144 , coronary artery disease 416 145 and atrial fibrillation 146 , while also improving clinical symptoms. A systematic 417 review of laboratory/hospital based exercise training studies in persons with SCI found 418 that adverse events were not common and those that occurred were not serious 147 . It 419 should be noted that the individuals in this review and within the studies mentioned 420 above were subject to extensive screening, and the cardiovascular safety of HIIT in this 421 population therefore requires further scientific appraisal. However, when appropriate 422 pre-participation screening is adopted the risks of adverse events are relatively low and 423 as previously suggested are 'likely comparable with the variant risks observed in the 424 general population' 148 . SCI-specific special considerations for exercise, including the M A N U S C R I P T
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18 management of autonomic dysreflexia, have been thoroughly addressed elsewhere 15, 426 149 . It is noteworthy that patients with SCI are usually well-educated regarding the 427 symptoms and management of autonomic dysreflexia and there is no reason to speculate 428 that the occurrence of this will be increased with HIIT. As with any exercise 429 prescription, it would be recommended that individuals consult their clinician prior to 430 engaging in such exercise training programmes. 431 432 433 5 Considerations for the application of HIIT to SCI populations 434 435 Individuals with SCI ≥ T6 exhibit a blunted cardiovascular response due to an absence 436 of cardiac sympathetic innervation 150 and a reduced catecholamine response during 437 exercise 151 . As a result of autonomic dysregulation, HR peak can be as low as 120 b/min . 438
Consequently in these individuals it would be difficult to prescribe an appropriate 439 exercise intensity using heart rate data. Evidence suggests that ratings of perceived 440 exertion (RPE) 152 and a talk test 153 Due to a reduced sweating capacity and inability to dilate superficial vasculature 155 , 456 persons with higher-level injuries have an impaired heat loss during exercise 156 . While 457 workload is increased with HIIT, possibly resulting in greater heat production, the total 458 exercise time is less than MICT with recovery periods interspersed throughout. 459
Therefore we have no reason to believe that HIIT would impact core body temperature 460 more than MICT. Still precautions should be taken when persons with SCI exercise in 461 hot environments, as they have impaired thermoregulatory function 157 . Furthermore, to 462 overcome blood pooling in lower extremities, associated with impaired venous return, 463 an adequate cool down should be performed to prevent post-exercise hypotension. 464
Shoulder overuse injuries and musculoskeletal pain are also common in persons with 465 SCI 158, 159 . While the higher workloads necessary to achieve vigorous-intensity might 466 further contribute to these conditions, exercise has been proposed as a feasible, 467 conservative, therapeutic treatment for shoulder pain in persons with SCI 160 . 468 469 Discussions regarding behaviour change and/or maintenance are outside the scope of 470 this review. However, preliminary evidence would suggest that individuals with pre-471 diabetic conditions can adhere to HIIT over the short-term (4 weeks) and do so at a 472 greater level than MICT 123, 161 . Questions have been raised regarding the adherence to 473 HIIT over the long-term 162 with SCI. We believe this is possible considering the evidence that non-disabled 476 participants enjoyed HIIT more and were equally as confident to engage in HIIT as they 477 were MICT 164 . Reassuringly, unpublished data has also demonstrated persons with SCI 478 experienced greater enjoyment with HIIT and SIT protocols compared to MICT 165 . 479 However, medical over protection may limit the prescription of vigorous-intensity 480 exercise rehabilitation in this population. To help overcome this, the safety and efficacy 481 of HIIT, particularly for persons with acute (<1 year) and higher level (≥T6) SCI would 482 need to be demonstrated by well-controlled longitudinal training studies. This is 483 imperative when vigorous-intensity exercise has the potential to offer significantly 484 greater improvements in certain cardiometabolic outcomes than MICT in a population 485 at increased risk of chronic disease. This special communication presents a case for the utility of HIIT as a strategy to 491 promote vigorous-intensity physical activity and reduce cardiometabolic disease in 492 persons with SCI. Data from SCI cohort studies, albeit collected using suboptimal 493 research designs, seem to agree with consistent findings from studies in the general 494 population that vigorous-intensity is superior to moderate-intensity exercise in 495 improving a variety of cardiometabolic health outcomes. Importantly, these findings can 496 be explained and supported by plausible physiological mechanisms. High-intensity 497 virtual reality arm-exercise is already being investigated in persons with SCI 166 Table 1 Legend: ACE arm crank exercise, HDL-C high density lipoprotein cholesterol, HR heart rate, HRR heart rate reserve, INT intervention, IS insulin sensitivity, LDL-C low-density lipoprotein cholesterol, PARA paraplegic, PPO peak power output, TAG triglyceride, TC total cholesterol, TETRA tetraplegic, TSI time since injury, V̇O 2 peak peak oxygen uptake, WC waist circumference, WERG wheelchair ergometry. * Note, authors refer to 70-80% HRR between studies as moderate 42 and high-intensity 56 , respectively. The terminology to describe exercise-intensity has been reclassified into moderate (40-60% HRR) and high-intensity (70-80% HRR). † • Quadriceps, hamstring and calf stretches performed using aqua noodle
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